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Abstract. Therehavebeenmany studiesof the linear responseac conductancef a double-
barrier resonanttunnelling structure. While these studiesare important, they fail to self-

consistentlyinclude the effect of time-dependenthage density in the well. In this paper,
we calculatethe ac conductancéy including the effect of time-dependenthage densityin the
well in a self-consistentmanner.The chage densityin the well contributesto both the flow of

displacementurrentsandthe time-dependenpotentialin thewell. We find thatincluding these
effects can make a significantdifferenceto the ac conductanceand that the total ac current
is not equalto the averageof non-self-consistentlyalculatedconductioncurrentsin the two

contacts,an assumptioroften made. This is illustratedby comparingthe resultsobtainedwith

andwithout the effect of the time-dependenthage densityincludedproperly.

1. Introduction

Double-barrieresonantunnelling structureg DBRTS) havebeenof greatinterestbecause
of possibledeviceapplicationsin building logic circuits, oscillators,detectorsetc, andthey
havemuchto offer in the studyof the physicsof confinedstructures.The dc characteristics
havebeenstudiedextensivelyby including the effects of chaiging andinelasticscattering.
Reference[1] offers a comprehensivaeview of applicationsand the basic physics of
DBRTS. In contrastthereareonly a few studiesof the ac responsever variousfrequency
regimes[2—7]. While some of thesestudiesare basedon simulating a realistic device
usingdetailednumericalprocedure$2, 3], othersarebasedon simplemodels[4—7]. These
calculationshoweverdo not include the effect of time-varyingchage densityin the well,
which is importantin determiningac conductancd3, 4, 8-10]. While reference[8] has
discussedhe pitfalls of many existing ac conductanceheoriesqualitatively, reference9]
formulatedthe theory of ac conductancen the linear responseand low-frequencyregime
as applicableto mesoscopicstructureshy including the effects of chaging. Subsequently,
referencg12] useda non-equilibriumGreen’sfunction approachto provide a formulation
that can be usedat finite biasesand large frequenciedncluding effects of chaging in the
well and phononscattering[13]. The effect of time-dependenthage densityin the well
is of importancein determiningthe dynamics,becauseelectronsin the well imageto the
outsideworld, which includesthe contacts. This causeghe flow of displacementurrents
and contributesto the ac potentialin the well. The role of thesefactorsin determiningthe
ac conductanceof a DBRTS is not clear from previouswork. In this paper,we studythe
ac conductancef a DBRTS with the aim of illustrating the role of imaging of well chage
to contactsvia a simple model. Imaging of well chage to the two contactsis modelled
by capacitanceslenotedby C; and C, (figure 1). We would like to clarify at the outset
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Figure 1. (a) The bandstructureof a DBRTS. (b) The DBRTS is modelledby the tight-binding
Hamiltonian. (c) Imagingof chage from the well to the contactsis accountedor by capacitive
coupling betweenthe well andthe contactsvia capacitance€’; and Cy.

thatthe purposeof this studyis to illustrate the importanceof imagingand not to modela
typical resonantunnelling device,whosestructureis considerablymore complicated.

We derive useful expressiondor the ac conductanceand show that the ac conduct-
ance dependssignificantly on both (i) the ratio of capacitance<;/C and C,/C, where
C = C1 + C, and(ii) the value of the total capacitancdetweernthe well andthe contacts.
Thefirst featurefollows because time-dependentvell chage ¢ (¢) contributesto a flow of
displacementurrentsequalto

C1dg(0) ang  C2%®
C dt C dt

in contactsl and 2 respectively(figure 1), whereq(¢) is the chage in the well at time z.
The secondfeaturecan be understoodoy noting that the time-dependenthage densityin
thewell contributego ac potentialof thewell via atermq(r)/C (figure 1). This affectsthe
currentbecausehe ac potentialin the well playsarole in determiningboth the conduction
anddisplacementurrents.Note that thereis nothing quantummechanicabboutthesetwo
features,and they would still ariseevenif C; and C, wereleaky capacitorsin a classical
circuit. Quantummechanicsplays a role only in determiningthe valuesof ¢(t) andthe
current.

Some previous paperscalculatedthe ac conductanceof a DBRTS by the following
procedure(seesection3). The conductioncurrentsacrossthe two barriersare calculated
by neglectingthe contribution to the ac potential in the well from the time-dependent
chage density. Then the total ac currentis takento be the averageof the conduction
currentsflowing acrossthe two barriers.We find sucha procedue to bevalid only whenthe
capacitancesre symmetricalC; = C,) andthevalueof C is large.

The remainderof the paperis arrangedasfollows. In section2, we haveexplainedthe
modeladoptedn detail. In section3, we discussheeffect of chagingontheacconductance
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usingexpressionglerivedin section2.2. In section4, we discussthe effect of chaging on
the ac conductanceaising numericalexamples.The effect of including asymmetriesn the
barrierstrengthsandthe capacitancesf an otherwisesymmetricstructurearesystematically
studiedhere. We presentour conclusionsn section5.

2. The model

2.1. TheHamiltonian

We modelthe resonantunnellingstructureusinga tight-bindingHamiltonian[4—7, 14, 15].
The well is representedby a single nodewith a resonantievel at enepgy ¢, andis coupled
to contactsl and 2 (figure 1). The Hamiltonianof the structureis

H=Hp+ Hc+ Hcp (21)
where
Hp = ¢,(1)d'd
He = Z (€iq + €vi° COS(a)t)Sl,a)ciTac,-a + (wciTac;Jrla + C-C)
iel,2
Hep =Y wych,d + C-C.
ael,2

We assumethat the ac potentialis applied only to contactl. d (d') and ¢, (cfa) are
annihilation(creation)operatordor electronsin the well andvariouslattice sitesof contact
a respectively. The sitesin a contactare labelled starting from 0 which representghe
lattice site immediatelyneighbouringthe well. w; and w, representhe coupling between
the well and site 0 of contactsl and 2 respectively. w representghe coupling between
nearesiheighbourdn the tight-binding lattice of the contacts.Hp, H- and Hep represent
the Hamiltoniansof the isolatedwell, contactsand coupling betweenthe well and contacts
respectively.In the presenceof a dc bias V¢ appliedto contacte, the on-sitepotentialin
contacte increasedy the dc bias(¢;, — €0 + eVOj"). The expressiorfor €,(¢) is

€ (1) = €0+ B2e Ve + azevi(t) +eVE (1) (2.2)

wheree,q is the enegy of the resonantevel at zerodc and ac biases. V. andv{‘ aredc
and ac biasesappliedto contactl. 8, and«, are fractional dropsof the externaldc and
ac potentialsbetweencontact2 andthe well respectively,n the absenceof chage in the
well. Thelastterm of equation(2.2) representshe effect of imagingof chage in the well.
The electronsin the well imageto the contactsand this is modelledby capacitance€’;
and C, (figure 1), which are assumedo be known parameterg9, 14]. As a consequence
of imaging of the well chage, the bandbottomin the well (and hencethe resonantevel)
changesy V2 (t):

t _ .
V() = % = VI + 0 @) (2.3)
where
Vl:{( _ q(l(év) and vz}(:(t) _ q(t) _C‘q(l'c'(v) . (24)

q40(V) representshe dc chage in the well whenthe applieddc voltageis V. ¢(t) is the
total chage in the well and ¢(t) — ¢4.(V) is the time-dependentomponent. The total
capacitancdetweenthe well and contactsis C (=C1 + C»).
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The total potentialin the well, V,,(z), is
V(1) = V.2 (1) + B2V + a2vi (0). (2.5)

Thefirst, secondandthird termsrepresenthe potentialsdueto imagingof the well chage,
the externallyapplieddc and ac potentialsrespectively.

2.2. ac conductance

The appliedac voltageresultsin a time-dependentvell chage thatimagesto the contacts.
This (i) causesa flow of displacementurrentsand (ii) contributesto the time-dependent
potential of the well (V¢ of equation(2.3)). (ii) playsa role in determiningthe correct
conductioncurrents. The conductioncurrentis in turn relatedto the time-varying well
chage by a continuity equation(equation(2.10)).

In thefollowing discussionyve first definea conductancenatrix, g. The conductionand
displacementurrentsarethenexpressedh termsof the elementof the conductancenatrix.
The procedurefor evaluatingthe conductancematrix is discussedn the next subsection.

2.2.1. The conductancematrix (g). The conductancematrix elementg,s representghe
ratio of the conductioncurrent(i;) flowing in contacte asa resultof an ac voltage (vg)
appliedto contactg, with the ac potentialin the well and contactssetequalto zero:

ii(w)

wherea, 8 € 1, 2. (2.6)
v“éc(w)

8ap (w) =

The dc voltageis setto its steady-statealue,i.e., the dc componenbf equation(2.5).

2.2.2. The conductioncurrent. Consideran ac potential v{° appliedto contactl, with
contact2 grounded. As a result, the potential of the well developsa time-dependent
componenty,, (w) (equation(2.5) [16]). The linear responseac currentflowing in contact
i €1, 2 consistsof two terms, (i) dueto the ac potentialvi, with the ac potentialsin the
well and contact2 setequalto zero, and (i) due to the ac potential v,,(w) in the well,
with the ac potentialin contactsl and 2 setequalto zero. The first components g;1v{°.
This follows from the definition in equation(2.6). The secondcomponentis physically
equivalentto settingthe ac potentialin the well equalto zero along with an ac potential
—v, (w) appliedto contactsl and2. Thelinearresponseurrentflowing in contacti dueto
this componenis —(g;1 + gi2) vy, (@) (from equation(2.6)). Thetotal ac conductioncurrent
flowing in contactsl and2 is the sum of the two components:

ac conductioncurrentin contactl = g11(w) (v (®) — vy (®)) + g12(®) (—vy (®))
ac conductioncurrentin contact2 = go1(w) (v (w) — vy (@)) + g22(w) (—Vy (W)).

2.7)

Now, if externalac potentialsv{‘(w) andvs‘(w) areappliedto both contactsl and2, then
the conductioncurrentin the two contactsis given by
1] (®) = g11(0) (V] (@) — vy (@)) + g12(w) (V3 (@) — vy (w)) (2.8)
I3 (©) = g21(0) (V] (@) — vy (@) + g22(w) (V3" (W) — vy (@)). (2.9)
The well chageis relatedto the conductioncurrentsby the continuity equation:

8D _ e+ 150) > gl = HOEE,

2.1
dr —iw (2.10)
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Substitutingequation(2.10) in equation(2.3) and equation(2.5), the ac potential of the

devicecanbe written as

I (w) + I3 (w)
—iwC '

Using equationg2.8), (2.9) and (2.11), the conductioncurrentsin contactsl and2 canbe

expressedn termsof the g-matrix elements:

[(0)  oagu—opg12 + (1/[-10C]) (811822 — g12821)

0u(@) = a2 (@) + (2.11)

o) 2.12

1) v{¢ 1+ 1/[-i0C])(g11+ g22 + g12 + g21) (2.42)

(@) = Ié’(a‘)) _ _8m—ongnt (L/[-10C])(811822 — glzgzl)_ 2.13)
v 1+ (1/[-iwCD(g11 + 822 + 812 + 821)

Herewa; anda, arefractionaldropsin the externallyappliedac potentialbetweenthe well
andcontactsl and 2 respectivelyjn the absenceof chage in the well.

2.2.3. Thedisplacementurrent. The displacementurrentflowing in contacta consists
of two componentsOne componenttiowC (the plus and minussignsare for the currents
in the two different contacts),is due to the dielectric natureof the barrierand well. This
componentdoes not dependon tunnelling of chage from the contactsto the well and
is not explicitly written in the remainderof the paper. The other component,which is
due to tunnelling of chage from the contactsto the well, is equalto iwC,/C. The total
displacementurrentsin the two contactsare given by

C C1 . .

I () = m)?lq(w) = —é([i’(a}) + () (2.14)
. C Co .

K(w) = m)gq(w) = —g(zi(w) + I5(w)). (2.15)

Solving equations(2.8)—(2.15),we get the following expressionfor the conductance
contributionsfrom the conductionand displacementurrents:
1 (w) _Ce a1(g11+ g21) — a2(g22 + g12) (2.16)
vy° C 1+ (1/[-iwC])(g11 + g22 + 812 + g21) .
where,a = 1, 2 andw hasbeensuppresseih the agumentsof the g-matrix elements.

Gl (w) =

2.2.4. Thetotal current. Using equations(2.14) and (2.15), it can be seenthat the total
current (conductionplus displacementjn the contactscan be expressedn terms of the
conductioncurrents:

. Cy . Cy .
() = @) + @) = Z @) - 5w (2.17)
and
c d C1 . Ca .
L(w) = L (w) + I (w) = 612(60) - ?Il (@) = —I1(w). (2.18)

We would like to emphasizehat I7 (w) and I (w) arethe conductioncurrentscalculatedoy

including the contributionto the ac potentialin the well dueto the ac well chage density.
In the remainderof the paperit is assumedhat «; anda, are equalto fractional dropsin

the potentialsacrossC; andC; (figure 1). Then,a; = Co/C anda, = C1/C. Substituting
equationg2.12)and(2.13)in equationg2.17)and(2.18), the total ac conductancés

a12g11 + 2220 — ape1(g12 + g21) + (1/[—iwC])(g11822 — g12821)

1+ (1/[-iwC])(g11 + 822+ 812 + g21)
Ga2(w) = —G1(w). (2.20)

Gi(w) = + (2.19)
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2.3. Calculationof the conductancematrix elements:g.s

The generalexpressiorfor the ac conductioncurrentin contacte takenfrom referencg12)
is

. e [T dE S(1) :(2) (3 (4
iy(w) = = o Tr{i,”(E, w) +i,”(E, w) + i,”(E, w) + i, (E, w)} (2.21)
e 27
where
iV(E, 0) =0 (E+ho, E)[G"(E 4+ hw) — G*(E)] (2.22)
iP(E, 0) = —iTeg~(E + o, E) (2.23)

i) (E, ) = ¢’ (E + ho, E)£5 (E) — g(E + ho, EYS;(E +ho)  (2.24)
i(E, ©) = o[ (E +ho, E)G™(E) — G~(E + ho)o“(E + ho, E).  (2.25)

Herethe functionsrepresentedby capital lettersare calculatedin the steady-statéimit and
the functionsrepresentedy lower-caselettersare calculatedto first orderin the applied
ac potential. G, ¢g", G* and g* are retardedand advancedGreen’sfunctionsat the site
representinghewell. Similarly, X/, o}, X3 ando areretardedandadvancedelf-enegies
atthewell sitedueto couplingwith contactw. Thefunction X (E) representsheinjection
of electronsfrom contacta to the deviceatenegy E. o (E +hw, E) representshe time-
dependentnjection from contacta to the device.

Usingthe expressiongor dc [15, 17] andac[12] self-enegies,applyingan ac potential
to contactp yields

S (E) = iT4(E) (2.26)
Y (E) =IT4(E) fo(E) (2.27)
o' (E+ o, E) = ZoE) = j‘z(E s (2.28)
0 (E+w, E) = 2 E) = z;(E s, (2.29)

where,a standgor contactsl and?2. In the expressiorfor the retardedself-enegy, we only
keepthe imaginary part and neglectthe real part which represents shift in the resonant

enegy [17].
In the dc limit the expressiorfor I'y(E) is [1§]

2
To(E) = 22 sin(kea)  for E > V, (2.30)
w

I'y(E)=0 for E < V,. (2.31)

Due to the absenceof inter-modescattering.the Green’sfunctionstake the following
form usingexpressiongor ¢ and G from [12] and[15] respectively:

1

G(E)= —— (2.32)
E —eo+ 2(E)
G<(E) = G'(E)X~(E)G*(E) (2.33)
¢ (E+w,E)=G"(E+ wo"(E+w, EYG'(E) (2.34)
¢“(E+w E) =G (E +w)o~(E + w, EY\G'E) + g' (E + », E)S<(E)G*(E)
+ G (E+w)X~(E+ wg"(E + w, E)}. (2.35)

Using equations(2.26)—(2.29)and equations(2.32)—(2.35)in equation(2.21), the various
conductancenatrix elementsare calculated.
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3. The effect of charging on the ac current

Many referencesalculatetheaccurrentby neglectingheeffect of chagingin thedevice[2—
7]. Specifically, reference[6] calculatesthe ac conductioncurrentsflowing in the two
contactsby neglectingthe effect of chaging. It is thenassertedhat the total ac currentis
equalto the averageof the calculatedconductioncurrentsin the two contacts:

1.
I(w) = é(ii(w) —i3(w)) (3.1)

where,i{ (w) andi§(w) are conductioncurrentscalculatedoy neglectingchaging.
To illustrate the importanceof chaging andto show that equation(3.1) is valid only
underspecialcircumstancesye summarizeour line of argumentfrom the previoussection.
The total currentis the sumof the conductionand displacementurrents:

L(w) = K (w) + I{ (w) and L(w) = I5(w) + I (o).

The conductioncurrentshere should be calculatedby including the effect of the potential
in the well due to the time-varying chage densityin the well (equation(2.3)). The dis-
placementurrentsare relatedto the time-dependenthage densityandare given by

I(w) = ia)%q(a)) and I (w) = ia)%q(a)).

Now ¢(w) in the above equationscan be relatedto the conductioncurrentsusing the
continuity equation:
C c
9D _ )+ 150) — gl = LB
dr —iw
Using the last five equationsthe total currentcan be expressedn termsof the conduction
currents(calculatedby including the effect of chaging in the well) as

C . C1 1, C, .
Il(w)zgli(w)—?llz(w) and Iz(cu)=?112'(a))—?211(a)).

From these equations,we see that equation (3.1) is an appropriateexpressionfor the
conductioncurrentonly when both C; = C, and the conductioncurrentsare calculated
by neglectingthe effect of chaging.

In termsof our notationinvolving the g-matrix elementsgquation(3.1) corresponds$o
thefollowing equationwhich is obtainedby settingC = oo andC; = C; in equation(2.19):

1
Gi(w) = —Go(w) = 5{011(811 — 821) + aa(g22 — g12)}- (3.2)

In section4, we will numericallycompareour resultsobtainedfrom equation(2.19)to those
obtainedfrom equation(3.2).

4. Numerical examples

In this section,we demonstratehe effect of chaging on the ac conductancdsy comparing
the conductancesalculatedwith and without chaging. The valuesof ¢,, I'; andI", are
choseronly to illustratethe discussiorof section3. Capacitancesomparablédo thoseused
hereare possibleonly in deviceswith very narrowcrosssections.The discussiorof section
3 is howevervalid for broad-areaesonantunnelling devicesas well, wherethe effect of

capacitancegs equallyimportant. In examplel, we startwith a devicewhich is symmetric
bothin thebarrierstrengthaandcapacitancest zerobias. Herethe conductancesalculated
from equationg2.19)and(3.2) arecomparable The effect of introducingan asymmetryin
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only the barriers(example2) andthe capacitancegexample3) of the structurein example
1 is thenstudied.In example4, we discussthe ac conductancef a devicein the presence
of an appliedbias. In the numericalexamplesconsiderechere,we have verified that the
low-frequencyac conductancés equalto the differential conductancef thedc /-V curve.

4.1. Examplel. A symmetriadeviceat zeio bias

The conductanceversusfrequencywith and without chaging (equations(2.19) and (3.2))
arefoundto bethe same(the circlesandcrosseof figure 3). Thisis becauseén the special
limit of a symmetricdevice at zero bias, the ac chage densityin the well is zero (This
follows from equationg(2.10), (2.12), (2.13) and by noting that, for a symmetricstructure
at zerobias, g;; = g;;.) As aresult,boththe ac potentialandthe displacementurrentsdue
to the chage in the well are zero. The parameterghosenin this exampleare: V,. =0V,

the chemical potential of contactl (1) and contact2 (uy) are chosento be 10 meV,

¢ =10meV, Ty =T, =01meVatE = ¢, w = 2000meV, w; = wp, = w/16.7,

C1=C,=2x10® FandkT = 0.015meV.

4.2. Example2. Theeffectof asymmetryonly in the barrier strength

The structureis identical to that in example1 exceptthat the barriers are asymmetric
('y = 0.02 meV andI'; = 0.1 meV). Then, the resultspredictedby equations(2.19) and
(3.2) are comparablgfigure 2(a)). This canbe explainedasthe total capacitancédetween
the deviceandthe contactsis so large that the contributionto the ac potentialin the well
dueto the¢(w)/C termin equation(2.3) is negligibleandthat C; = C, (seethe discussion
in section3).

Whenthereis an asymmetryin the capacitances;chaging shouldalwaysbe included
properly.

In the caseof a structurewith smaller capacitance¢C; = C, = 1 x 10716 F), the
resultsobtainedfrom equationg2.19) and (3.2) are different(figure 2(b)). This is because
whenthe total capacitances small, the potentialof the well is alteredsignificantly by the
chagein it. Then,the conductioncurrentscalculatedwith and without chaging included
are different. Note that equation(3.2) doesnot predict a changein the ac conductance
whenthe capacitanceare changedvithout alteringthe ratiosa; anda, (seethecirclesand
crossesn figures3(a) and 3(b)).

4.3. Example3. Theeffectof asymmetryonly in the capacitances

A DBRTS for which an asymmetryin the capacitancedasbeenintroducedin examplel
(C1 =1x 1071 FandC, = 5 x 1071% F; the barriersare symmetric)is now considered.
HereC is largeenoughthattheg/C termdoesnot contributesubstantiallyto the ac potential
in the well. The resultsobtainedfrom equations(2.19) and (3.2) are different (figure 3)
becauseunequaldisplacementurrentsflow in the two contactswhen C; # C,. Then,a
simpleaveragingf the conductioncurrentsasin equationg3.1) and(3.2)is nolongervalid.
Notethattheresultfor theacconductancérom equation(3.2)is identicalin examplesl and
3 becauseequation(3.2) doesnot correctly accountfor the asymmetryin the capacitances.

4.4. Exampled. ac conductanceén the presenceof an appliedvoltage

Thedc biasis chosernto be V = 5 mV for the examplein figure 4 andthe self-consistently
determinedpositionof theresonancés 10.5362meV. The valuesof the variousparameters
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Figure 2. Asymmetnyjust in the barrier strengths. (a) For a structurein which the only
asymmetryis in the barrier strength,neglectingchaging is a good approximationwhen the
total capacitancebetweenthe well and the contactsis large. (b) For the samestructureasin
(a), neglectingchaging is not a reasonableapproximationwhen the total capacitancéetween

the well andthe contactsis small.
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Figure 3. Asymmetryustin the capacitances.

areC; = C, =1x 10 F, w = 2000meV, wy; = w/17.1, wp = E/17.1, €,0 = 8.0 meV,
w1 = 15 meV, up, = 10 meV and kT = 0.037 meV. From figure 4(a), we seethat the
elementwof the g-matrix, g12 and g2, arelargerthang,; and g, respectively.This feature
canbeunderstoody notingthatthe g-matrix elementdependon the variationof the Fermi
function in the contactsandthat this variationis morerapid aroundthe resonanenegy in
contact2 thanin contactl (equation(2.29)). Also, the real part of g1, andthe imaginary
partof g,, exhibit a peakarounda frequencyof 0.5 meV becauséhe resonanenegy in the
well is about0.5362meV abovethe chemicalpotentialof contact2. We arein the regime
wherethe ¢/C componenbf V,, is negligibleand C; = C,. Sothe ac conductancéere
agreeswell with that obtainedfrom equation(3.2). From equation(2.19), we find that

1
Gi(w) = Z(gll + 822 — 812 — &21)-

This expressionexplainswhy the ac conductancdooks similar to g2, the largestof the
g-matrix elementdfigure 4(b)).

On the other hand,we know from section3 that for a devicewhereC; # C,, the ac
conductanceependn theratio of C; andC,. To illustratethis, we keepthe valuesof the
resonanenegy, appliedbiasandall otherparametershe sameasthoseusedin figure 4(b),
exceptthat C; = 4 x C; = 4 x 1071% F. From equation(2.19),

16 1 4
Gi(w) = 25811 + 25822~ E(glz + g21).
While the g-matrix elementgemainthe sameasin figure4, it is obviousfrom the expression
for Gi(w) that the conductancehere is very different from that in the previous case
(figure 4(c)). In contrast,equation(3.2) predictsthe samevalue for the ac conductance
in thetwo caseq19].
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Figure 4. ac conductancen the presenceof an applied bias. (a) The conductancematrix
elements.(b) The total conductancéooks similar to the largestconductancenatrix elementgz;

for this structurewhen C1; = C,. (c) The total conductanceor a devicefor which C, = 4C;
is, however differentfrom case(b).

4.5. Experiments

We now make some remarkson the experimentalconditions necessaryto observethe
differencesn the ac conductanceliscussed Examplel correspond$o a symmetricGaAs—
AlGaAs structurewith identicalbarrierson eitherside. A structurewith equalcapacitances
betweenthe well andthe two contactsbut with differentcoupling strengthgo the contacts
(example2) canbe constructedasfollows. The couplingacrosghe left-handbarriercanbe
madeweakerby increasingthe barrierheight. For AIGaAs, the dielectricconstantdoesnot
changesignificantly asthe Al dopingis increasedn the left-handbarrierso asto increase
the barrier height. As a result, the barrierswill have nearly the samewidths and hence
capacitancesWith regardsto example3, the capacitancecrossthe secondbarriercanbe
madefive timeslarger by makingthe barrieraboutfive timesthinnerthanthe first barrier.
To have similar transmissioncoeficients, the barrier height of the secondbarrier should
be correspondinglyincreased. Theserequirementsan probably be met with the present
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advancesn band-gapengineeringandthe exactvaluesof the barrierheightsandwidths are
easyto determine.Whatis more difficult to achieveis the closeproximity of the contacts
to the barriersthat we have assumedn this paper. This assumptionwas howevermade
only to makethe calculationssimpler, and more realistic calculationsthat are beyondthe
scopeof the presentwork canbe carriedout.

5. Conclusions

In this paper,we have calculatedthe ac conductancef a DBRTS by including the effect
of imaging of chage from the well to the two contactsand presentuseful expressiongo
calculatethe ac conductancef a DBRTS. The formalismis applicableat high frequencies
andin the presencef finite dc biases.The self-consisteninclusionof the effect of imaging
of well chage is centralto calculatingtotal currentswhich are equalin the two contacts.
We find that including the effect of imaging of chage from the well to the contactsplays
a significantrole in determiningthe ac conductancef a DBRTS. The time-varyingchage
densityin the well contributesto a flow of displacementurrentsequalto

C1 dg Cy dg

C dt C dt
in contactsl and?2 respectively(¢(z) is thewell chage). The strengthof imagingwhich is
modelledby the total capacitance” playsarole in determiningthe ac potentialin the well
via the ¢(r)/C term. Thesefeatureswere illustrated using simple numericalexamplesin
sectiond. Somepreviouspaperscalculatedheacconductancef a DBRTS by thefollowing
procedure.The conductioncurrentsacrossthe two barrierswere calculatedby neglecting
the contributionto the ac potentialin the well dueto imagingof the time-dependenthage
density. Thenthe total ac currentwas takento be the averageof the conductioncurrents
flowing acrossthe two barriers. In conclusion,we have shownthat sucha procedurefor
calculatingthe ac conductances correctonly when both the capacitancas symmetrical
(C1 = Cy) andthevalueof C is large.
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